ABSTRACT Accumulating research has shown that chronic D-galactose (D-gal) exposure induces symptoms similar to natural aging in animals. Therefore, rodents chronically exposed to D-gal are increasingly used as a model for aging and delay-of-aging pharmacological research. Mitochondrial dysfunction is thought to play a vital role in aging and age-related diseases; however, whether mitochondrial dysfunction plays a significant role in mice exposed to D-gal remains unknown. In the present study, we investigated cognitive dysfunction, locomotor activity, and mitochondrial dysfunction involved in D-gal exposure in mice. We found that D-gal exposure (125 mg/kg/day, 8 weeks) resulted in a serious impairment in grip strength in mice, whereas spatial memory and locomotor coordination remained intact. Interestingly, muscular mitochondrial complex I deficiency occurred in the skeletal muscle of mice exposed to D-gal. Mitochondrial ultrastructure abnormality was implicated as a contributing factor in D-gal-induced muscular impairment. Moreover, three combinations (A, B, and C) of nutrients applied in this study effectively reversed D-gal-induced muscular impairment. Nutrient formula B and C were especially effective in reversing complex I dysfunction in both skeletal muscle and heart muscle. These findings suggest the following: (1) chronic exposure to D-gal first results in specific muscular impairment in mice, rather than causing general, premature aging; (2) poor skeletal muscle strength induced by D-gal might be due to the mitochondrial dysfunction caused by complex I deficiency; and (3) the nutrient complexes applied in the study attenuated the skeletal muscle impairment, most likely by improving mitochondrial function.
INTRODUCTION D
-galactose (D-gal), a physiological nutrient derived from lactose in milk, 1 is metabolized in animals by D-galactokinase and galactose-1-phosphate uridyltransferase (GALT). Although some researchers have challenged the D-gal-induced aging model, 2,3 some other researchers indicate that D-gal-treated animals showed some hallmarks of aging, such as a shortened lifespan, 4 cognitive dysfunction, 5 presbycusis, 6 increased oxidative stress, 4, 7 decreased antioxidant enzyme activity, 8 diminished immune responses, 9 increased advanced glycation endproducts, 10 accumulation of mitochondrial DNA mutations, 11 and mitochondrial dysfunction. 5, 12 Mitochondria are not only the major sites of intracellular reactive oxygen species (ROS) production, but also targets of ROS. This ROS-induced oxidative damage contributes to mitochondrial dysfunction, which in turn produces more ROS. 13 This vicious cycle of ROS production and oxidative damage in the mitochondria suggests that mitochondrial dysfunction plays an important role in the aging process.
14 However, there is little substantial evidence to demonstrate exactly how mitochondria act in D-gal-treated mice.
As described in previous publications, 13, 15, 16 we have identified a group of mitochondria targeting antioxidants and cofactors, which are referred to as ''mitochondrial nutrients.'' With these mitochondrial nutrients, we aim to reverse the mitochondrial dysfunction that occurs during the aging process. In addition, the synergetic beneficial effects of nutrient combinations were demonstrated to be even more powerful than single nutrient supplements alone in promoting mitochondrial function. 17, 18 In the present study, three nutrient formulas were designed to rescue mitochondrial dysfunction based on compounds whose mitochondrial beneficial effects were well documented by both our laboratory and other laboratories. Additionally, each formula was designed to relieve one of the disorders during the aging process. Formula A was designed to inhibit tumorigenesis and was composed of resveratrol, grape seed extract, quercetin, pterostilbene, fisetin, and black tea (theaflavins). Formula B targeted mitochondrial metabolic deregulation and was composed of ubiquinol CoQ10, R-lipoic acid, acetyl-l-carnitine, pyrroloquinoline quinine (PQQ), tocopherols, and tocotrienols (mixed). Finally, formula C targeted mitochondrial-related steroid degeneration and was composed of vitamin D3 (cholecalciferol), green tea extract (98% polyphenols, 45% epigallocatechin gallate [EGCG]), and dehydroepiandrosterone (DHEA).
In this study, we investigated the cognitive function and locomotor activity in D-gal-exposed mice. Furthermore, we revealed mitochondrial impairment and evaluated the effects of mitochondrial nutrient formulas on the mitochondrial dysfunction induced by D-gal.
MATERIALS AND METHODS

Animals and treatment procedure
Eight-week-old adult male C57BL/6J mice (Laboratory Animal Center, the Fourth Military Medical University, Xi'an, China) were randomly divided into the following 5 groups, each consisting of 12 animals: normal control, D-gal administration, and D-gal administration with one of the 3 mitochondrial nutrient formulas (A, B, or C). The three D-gal treatment groups supplemented with nutrients were fed AIN93G chows that also contained formula A, B, or C for 10 weeks.
Formula A: trans-resveratrol (51.4 mg/kg), grape seed extract (30.8 mg/kg), quercetin (12.5 mg/kg), pterostilbene (4 mg/kg), fisetin (9.9 mg/kg), and black tea (theaflavins) (90.4 mg/kg). Formula B: ubiquinol CoQ10 (20.6 mg/kg), R-lipoic acid (30.8 mg/kg), acetyl-l-carnitine (150 mg/kg), PQQ (3 mg/kg), tocopherols (mixed) (73.8 mg/kg), and tocotrienols (mixed) (29.8 mg/kg). Formula C: vitamin D3 (cholecalciferol) (400 IU/kg), green tea extract (98% polyphenols, 45% EGCG) (149 mg/kg), and DHEA (10 mg/kg).
The dose of each ingredient was described as mg/kg or IU/kg body weight per day.
From the third week, D-gal (125 mg/kg) was administered daily for 8 weeks through subcutaneous injection. Mice in the control group were administered saline. Each mouse was kept in an individual cage with free access to food and water. The body weight and food intake of the animals were measured weekly. We did not find any differences in the body weight among groups; however, the food intake in groups receiving formula A and C was significantly lower compared with other groups as measured at the sixth week after starting treatment (data not shown). All animal protocols were approved by the animal ethics committee of Xi'an Jiaotong University School of Life Science and Technology.
Morris water maze
The Morris water maze (MWM) has been widely used to measure cognitive deficits in brain-damaged animals and cognitive loss during aging. 8 At the eighth week following the start of D-gal administration, the animals' spatial memory was assayed by the MWM.
18,19
Rotarod test
There is a decline in motor coordination with advancing age. 20 In the present study, impairment of motor coordination was evaluated by using a Rotarod test (47600-Mouse Rota-Rod; Ugo Basile, Varese, Italy). The procedure was performed as previously described. 2 
Grip strength test
The impairment of neuromuscular function was evaluated by a Grip Strength Meter (Cat. 47106 Grip Strength Meter for Mouse; Ugo Basile). The procedure was performed as previously reported. 21 
Tissue collection
The animals were sacrificed by cervical dislocation. The gastrocnemius muscle, brain, liver, and heart were harvested. The gastrocnemius muscle from one leg was rapidly placed in paraformaldehyde/glutaradehyde fixative as a sample for electron microscopy assessment.
Electron microscopy
As described in a previous publication, 22 the fixed gastrocnemius was embedded in the Spurr's embedding medium. Ultrathin sections were double stained with uranyl acetate, examined, and photographed with transmission electron microscopy ( JEM-100SX; NEC, Tokyo, Japan). Images for analysis were taken at a magnification of 15,000 · and 40,000 · .
Mitochondria isolation
Mitochondria in muscle tissues were isolated according to the method published by Birch-Machin et al.
23
Mitochondrial complex and dehydrogenase activity estimation
The activities of mitochondrial complex I, II, IV, aketoglutarate dehydrogenase (a-KGDH), and pyruvate dehydrogenase (PDH) were measured spectrophotometrically using conventional assays as previously described. 24 
Statistical analysis
Values are expressed as the mean -SEM. Differences among groups were analyzed by using one-way analysis of variance (ANOVA) followed by the LSD post hoc tests or an
unpaired t-test in SPSS 17.0 software. A value of P < .05 was considered statistically significant.
RESULTS
Behavioral tests in D-gal-exposed mice
The MWM was applied to measure cognitive deficiencies in D-gal-exposed mice. We found that 8 weeks of D-gal exposure did not affect the escape latency (Fig. 1A) or swimming distance (Fig. 1B) of mice in the MWM compared with the normal control. Additionally, the administration of nutrient combinations in the D-gal mice did not cause any alteration in the spatial memory compared with the D-gal group. Similarly, the motor coordination detected with the rotarod test showed no changes between groups (Fig. 2) .
A decrease in strength is a reliable indicator of the aging process. The rodent grip strength test is a putative measure of muscular strength and has been previously used to screen for neuromuscular function. In the present study, D-gal-treated mice exhibited significantly weaker grip strength than mice in the control group (t-test, n = 12; P < .01, Fig. 3 ), suggesting that D-gal induces skeletal muscle strength impairment in mice. Nutrient formula A, B, and C efficiently restored muscle strength.
Ultrastructure of the mitochondria in muscle
To understand the grip strength loss caused by D-gal exposure, we further examined the morphology of mice gastrocnemius muscles with transmission electron microscopy (Fig. 4) . In the normal group, long rows of mitochondria with similar rod-like shape and size were regularly aligned in pairs between myofibrils. In contrast, swollen and elongated mitochondria with obvious cristae disruption appeared in D-gal-treated mice. In addition, more vacuoles, 
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along with the distorted mitochondria, were observed in mice treated with D-gal compared with control mice. There were varied effects on the morphology of the mitochondria of mice treated with nutrient formula. Mitochondria of mice treated with formula A or formula B remained broken and contained vacuoles, although the size of the mitochondria was smaller than in mice treated with D-gal alone. The aberrant morphology of mitochondria following D-gal exposure was greatly ameliorated for mice treated with formula C; mitochondria were nearly intact with less vacuoles present after the treatment (Fig. 4) .
These results suggest that D-gal exposure results in a remarkable mitochondrial morphology distortion in skeletal muscle. Nutrient formulas, especially formula C, effectively ameliorated the mitochondrial morphology impairment in gastrocnemius muscle induced by D-gal.
Mitochondrial complex and dehydrogenase activities
In view of the abnormal mitochondrial morphology in the skeletal muscle of the D-gal-treated mice, we sought to determine the activities of some key enzymes in the electron transport chain (ETC) and the tricarboxylic acid (TCA) cycle. Among ETC complexes I, II, and IV, a-KGDH and PDH, we found that only complex I activity was impaired in the gastrocnemius muscle of D-gal-treated mice (n = 7; P < .05, Fig. 5 ). The activity of complex I was also assayed in several other tissues, such as the liver, heart, and brain. The results demonstrated that the complex I activity was decreased specifically in the skeletal muscle, with a marginal decrease in heart muscle, compared with the control mice (Fig. 6) . Interestingly, we found that formula B and C successfully promoted complex I activity following D-gal treatment in the skeletal muscle and in heart muscle ( Fig. 7) . CHANG ET AL.
DISCUSSION
Mice exposed to D-gal exhibited controversial behavior, especially with regard to cognitive impairment
In mice exposed to D-gal, a decline in coordination skills has been reported as an increased falling rate on the rotarod test, 9 deficient spatial memory as measured by extended escape latency time on the MWM test, 8 and reduced locomotor activity as determined by the locomotor activity test. 25, 26 Although the doses and duration of administration of D-gal required to produce a model for aging in mice vary over a wide range in published literature, [27] [28] [29] it has been reported that 8 weeks of continuous subcutaneous injection of D-gal at a dose more than 100 mg/kg can induce significant behavioral impairment by MWM in C57BL/6J mice. 26 Administration of D-gal at 40 mg/kg for 10 weeks can also induce an increased falling rate on the rotarod test. 9 However, in the present study, 8 weeks of continuous D-gal exposure in C57BL/6J mice at a dose of 125 mg/kg resulted in neither a spatial memory loss nor impaired locomotor coordination. Although several mouse strains have been used in the D-gal-induced aging model, most of the studies that have reported deficiencies in learning and memory, as measured with the MWM test, were performed with the Kunming mouse strain (Table 1 ). Therefore, it is possible that D-gal-induced cognitive impairment may be strain specific. In the C57BL/6J strain, only a few studies have reported memory loss induced by D-gal and the mice were all aged more than 12 weeks. In our study, 8-week-old mice demonstrated no memory loss, which is consistent with a recent study. 2 This suggests that the age of the mice may also be a key factor in learning and memory, especially in the premature aging model.
D-gal induced a muscle-specific impairment and mitochondrial complex I deficiency
Aging is associated with a progressive loss of muscle mass and strength, a condition known as sarcopenia. Poor muscular strength is highly predictive of disability 40 and mortality, 41 and often results in the loss of independent living, thereby affecting an individual's quality of life. 42 As a putative and direct measurement of muscular strength, the grip strength test has been used to screen for neuromuscular function. 43 In the grip strength test, we found that D-galtreated mice possessed significantly weaker grip strength when compared with the control group (Fig. 3) .
It has been shown that aging is associated with a significant decline in mitochondrial function. Furthermore, as a key regulator of apoptosis and ATP production, mitochondrial dysfunction has emerged as a critical player in the onset and progression of sarcopenia. 44 We found that the mitochondria in the gastrocnemius muscle exhibited a markedly abnormal morphology characterized by an increase in the heterogeneity of mitochondrial size, an impairment in mitochondrial integrity, an increase in the number of vacuoles, and a swelling of the mitochondria in mice treated with D-gal (Fig. 4) . The abnormal morphology suggested that poor muscular strength induced by D-gal might be tightly associated with mitochondrial decay.
It is well known that energy production through oxidative phosphorylation occurs in mitochondria and is catalyzed by successive enzyme complexes. PDH and a-KGDH in the TCA cycle catalyze reactions producing reduced nicotinamide adenine dinucleotide (NADH), the most important electron donor for the ETC. The electron transfer chain consists of mitochondrial complexes I, II, and IV as the initial and terminal electron acceptors in electron transfer chain. We measured the activity of these key mitochondrial 
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enzymes and found that complex I activity was significantly depressed in D-gal mice (Fig. 5) . Among the tissues we investigated, the complex I activity was depressed in skeletal muscle and marginally depressed in the heart, but not in the liver and brain (Fig. 6) . In GALT-deficient mice, dietary galactose is abnormally metabolized to galactitol, which is a similar condition as in D-gal overloaded mice. Galactitol was found to accumulate in the heart and skeletal muscle other than the liver, brain, and kidney in GALT-deficient mice, 45 whereas accumulated galactitol can lead to osmotic stress and ROS production. 5 Therefore, in our results, the muscle-specific damage is probably caused by galactitol accumulation.
As complex I is the major site of physiological and pathological ROS production, 46, 47 we inferred that decreased complex I activity enhanced ROS production, which in turn induced mitochondrial fragmentation or other morphology distortion as seen in the present study.
Nutrient formulas effectively rescued mitochondrial dysfunction induced by D-gal
As mitochondrial dysfunction is considered to play a major role in the aging process, three different nutrient formulas were designed to ameliorate mitochondrial dysfunction. The beneficial effects on mitochondrial function for all the components of each formula have been studied in our laboratory or in other laboratories. We assigned these compounds to different groups of mitochondrial nutrients as previously described. 16 Previous studies in rodents have shown that combinations of nutrients have synergistic effects in various metabolic pathways and are more potent than treating the animals with individual nutrients. 48 For example, supplementing mice with lipoic acid, carnitine, and CoQ10 had a more significant beneficial effect on agerelated oxidative stress than individual treatment with these compounds. 15, 18 Therefore, in the present study, we designed nutrient combinations and assessed the effects these combinations had on mitochondrial impairment induced by D-gal exposure in mice.
All three nutrient formulas partially rescued the D-galinduced muscle impairment. Formula B and C successfully rescued mitochondrial complex I deficiency after treatment with D-gal. These results suggested that D-gal-induced mitochondrial dysfunction in both skeletal muscle and heart muscle could be ameliorated by treatment with several compounds targeting mitochondrial metabolic pathways. These compounds consist of free radical scavengers, key cofactors of various enzymes in the mitochondria and steroid metabolites synthesized in mitochondria.
In conclusion, the present study demonstrated that chronic systemic exposure to D-gal causes muscle impairment and mitochondrial complex I deficiency. Interestingly, the mitochondrial nutrient formulas partially restored mitochondrial morphology and complex I activity, and rescued the loss in grip strength induced by D-gal. Further studies are required to elucidate the underlying mechanisms of muscle-specific mitochondrial dysfunction under D-gal exposure. 
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